Abstract. It has been widely recognized that individual cells that exist within a large population of cells, even if they are genetically identical, can have divergent molecular makeups resulting from a variety of factors, including local environmental factors and stochastic processes within each cell. Presently, numerous approaches have been described that permit the resolution of these singlecell expression differences for RNA and protein; however, relatively few techniques exist for the study of lipids and metabolites in this manner. This study presents a methodology for the analysis of metabolite and lipid expression at the level of a single cell through the use of imaging mass spectrometry on a highperformance Fourier transform ion cyclotron resonance mass spectrometer. This report provides a detailed description of the overall experimental approach, including sample preparation as well as the data acquisition and analysis strategy for single cells. Applying this approach to the study of cultured RAW264.7 cells, we demonstrate that this method can be used to study the variation in molecular expression with cell populations and is sensitive to alterations in that expression that occurs upon lipopolysaccharide stimulation.
Introduction
C urrent understanding about the biochemistry of the cell is primarily based upon measurements of individual chemical components extracted from populations of cells either grown in culture or excised from tissue. The limited capabilities of analytical technologies previously available to researchers studying the chemistry of living systems have generally only allowed these measurements to be applied to large sample sizes derived from thousands-to-millions of cells such that a sufficient amount of the analytes of interest can be isolated. Recently, there is a growing appreciation that although cells may appear to function in a similar manner and morphologically may not exhibit any distinguishing features, individual cells can have varying expression patterns for their constituent biomolecules based upon their environment and the signals obtained from external stimuli [1] [2] [3] . This recognition, along with an increasingly sensitive suite of analytical tools, has provided the motivation to probe the molecular makeup of individual cells and collect single cell measurements for even large cell populations [4] . There have now been many demonstrations that individual cells often have biochemical compositions that can differ significantly from the population average based upon the influence of individual microenvironmental factors. This phenomenon is believed to be a fundamental part of survival and aid in the proliferation of bacterial colonies [5] . Furthermore, in multicellular organisms, cellular heterogeneity has also been reported in the development of functional tissues and organ systems, immune response [6, 7] , and cancer progression [8, 9] . Therefore, tools and technologies that facilitate the characterization of biological processes that occur at the single cell level are ultimately required in order to develop full understanding of human health and disease.
There are several analytical technologies now being applied to the analysis of single cells. Sequencing technologies provide the sophistication (e.g., throughput and sensitivity) to begin to measure gene and transcription-level variation at the single cell level [10] . Though less developed, recent advances in mass spectrometry (MS) technologies and methods have opened up single-cell analyses to other analyte classes, including peptides and metabolites. The range of mass spectrometry methods developed to study single cells includes secondary ion mass spectrometry (SIMS) [11] [12] [13] [14] , laser ablation electrospray ionization MS (LAESI) [15] , capillary electrophoresiselectrospray ionization (CE-ESI) MS [16] [17] [18] , live single-cell (SC) MS [19, 20] , single probe MS [21] [22] [23] , and matrixassisted laser desorption ionization (MALDI) MS [24, 25] . Each of the MS techniques has advantages with some significant limitations for single-cell analysis. For example, desorption-ionization techniques like SIMS and LAESI provide the high spatial resolution required to sample individual cells with minimal sample preparation, but each approach suffers from limited chemical specificity due to fragmentation during the ionization process.
There are also various approaches that have adapted chromatographic or electrophoretic techniques to extract and/or separate the contents of a single cell for mass spectrometric analysis. This approach has the advantage that the separation significantly increases the number of species that can be sampled from the cell. However, positioning of a single cell for sampling the contents into the analytical system requires tedious manual work or sophisticated micromanipulation systems [26] . Furthermore, the analysis time required for each individual cell is several minutes, reducing the number of cells that can be practically sampled in a single experiment and thus the statistical power of the analysis. In contrast, recent work employing targeted MALDI analysis of single cells on a plate performed using a histology-directed workflow can increase the number of cells that can be analyzed. This approach leverages the speed of laser-based ionization to sample a larger number of cells [4] . However, this study was limited in focus to a small set of known peptides.
In this study, we present a workflow for single-cell analysis (Figure 1 ) based on imaging mass spectrometry (IMS) using a Fourier transform ion cyclotron resonance mass spectrometer (FTICR MS) for the measurement of low molecular weight metabolites and lipids. In order to demonstrate the capabilities of this approach, the platform was used in the analysis of normal and lipopolysaccharide (LPS)-treated single RAW 264.7 macrophage cells. Upon exposure to LPS, a conserved component of the Gram-negative bacterium's outer membrane, RAW 264.7 macrophage cells release a large number of immunoregulatory molecules that recruit and activate other immune cells to help fight the infection [27, 28] . The speed of MALDI-IMS enables high spatial resolution and high throughput single-cell analysis. Combined with the high sensitivity of FTICR MS, hundreds of metabolites and lipids can be measured from a large population (> 100) of single cells in hours to investigate the influence of LPS stimulation on heterogeneity of molecular expressions. This workflow includes strategies for the preparation of cells for single cell MALDI analysis, recommendations for data acquisition, and software that permits the extraction of single-cell data from images and analysis of the heterogeneity for molecular expression for each molecule in the sample.
Experimental Setup

Cell Handling and Sample Preparation
The overall workflow summarized in Figure 1 On the day of analysis, the cell slides are stored under vacuum in a desiccator for 30 min to prevent moisture condensation during thawing of the cells and hence reduce delocalization of analytes on surface. The cells are then rinsed by sequentially dipping the slides into a Petri dish filled with 150 mM cold ammonium formate for 30 s to remove salts from the cells and increase signal intensities of lipids and metabolites. Excess ammonia formate on the slide is quickly removed by wiping with Kimwipes. After rinsing, the cell slides are stored in a desiccator for 30-60 min to allow solvent to dry. Fiducial points are placed on the slides before image scanning. Scanning is performed before application of matrix to obtain a clear image of the cells. Slide images are obtained at × 5 magnification using a Leica Image Scanner and converted to the JPEG format. Application of the MALDI matrix is performed using a custom-built sublimation apparatus as previously described [29] . The core condenser sleeve was purchased from Chemglass Life Sciences and fits a plate diameter of 70 mm. About 100 mg of 1,5-diaminonaphthalene (DAN) MALDI matrix was placed at the bottom of the condenser sleeve. The pressure inside the condenser sleeve was held at < 40 mTorr by a rough pump and monitored by a digital thermocouple vacuum gauge controller. The condenser sleeve was placed on a sand bath heated by a hot plate. Sublimation for the single cell application was optimized by varying temperature and time parameters. Six minutes at a temperature of1 05°C was found to be optimal.
After sublimation, matrix recrystallization is performed using a normal Petri dish to enhance signal intensities of lipids and metabolites [30] . The slide with sublimated matrix is attached to a copper plate, which is taped to the underside of the lid of the Petri dish. A matrix recrystallization solution is pipetted onto a piece of filter paper placed in the bottom part of the Petri dish. The Petri dish is reassembled and sealed using PetriSeal tape to create a hydration chamber. The Petri dish is placed in an oven preheated to 85°C for 2 min, and then opened to allow the slide to dry in the oven.
MALDI Imaging and CASI Experiments
Imaging experiments were performed using a Bruker solariX 15T MALDI/ESI-FTICR (Bruker Daltonics, Bremen, Germany) equipped with a 355 nm Smartbeam II laser operated at 1000 Hz. The mass spectrometer was first calibrated for high mass accuracy using Agilent ESI tuning mix. Laser beam size is measured as 20-25 μm. Laser raster size is defined as 25 μm. Images were acquired with an average of 500 laser shots/pixel in negative ion mode and in the mass range of m/z 500-1500. Images were generated using 
MALDI Data Extraction and Processing
After MALDI-IMS data acquisition, the raw IMS file is converted to MATLAB format using a custom-developed Webbased interface so that it can be analyzed using common data processing tools or transferred to biostatisticians for analysis. An automated custom graphical user interface (Figure 2 ) was developed to extract single-cell mass spectra from the whole MALDI-IMS dataset. The high-resolution bright-field cell image acquired prior to IMS analysis is loaded into the software, shown in Figure 2b . The positions of the cells are automatically identified, and the corresponding pixels are marked by the green circles. Coordinates of each pixel are calculated using the coordinates of the four corners of the analyzed region indicated by the white dashed-line box in the image. Coordinates of all pixels corresponding to cell positions are listed in Figure 2d . Each pixel can be selected or unselected by clicking the box next to its coordinates in Figure 2d or by directly clicking the green circles in Figure 2b . Single mass spectra corresponding to selected pixels are shown in Figure 2a . In some cases, one cell spreads across several pixels. Selected single spectra are extracted as Bruker .xy files using the export function. Extracted single-cell mass spectra are normalized to total ion current (TIC), and then peak picked based on a 12% intensity threshold. To assist identifications of lipids and metabolites, peak picked mass list is searched against Lipid Maps Structure Database (LMSD) and METLIN metabolite database using a mass tolerance of 15 ppm.
PCA Analysis of Single-Cell Mass Spectra
The IMS data previously converted to a MATLAB format was accessed in R. The previously selected single-cell spectra were then extracted by their x,y coordinate indices and loaded into the Cardinal R package's IMS container with in-house scripts [31] . From here, PCA was performed using Cardinal with 100 components, centering, and the IRLBA algorithm for singular value decomposition calculation. Visualization of the single cells' PCA score plots as 2D scatter plots was used to determine which PCs best separated the treated versus normal single cells. The loading plots of the PCs demonstrating the best separation of these groups were further queried for differentially expressed signals. 
Results and Discussions
Single Cell Mass Spectrometry Analysis of Normal RAW 264.7 Cells Figure 3a displays a bright-field cell image acquired prior to IMS analysis, and Figure 3b shows a representative ion image corresponding to m/z 885.55 acquired from the same region. In this study, the spatial resolution of the IMS experiment was set to 25 μm. The goal of these experiments was to collect a large number of lipid/metabolite expression profiles from the cell population. RAW 264.7 cells are approximately 10-15 μm in diameter; however, in this experiment, the distance between the cells in culture was often greater than 100 μm. Thus, by using a beam diameter larger than the cell size, we were able to increase the number of cells in the analysis. Cells that were only partially ablated by the laser and spectra that were collected from multiple cells were eliminated using visual inspection and not considered in the final analysis.
The variation in ion abundance across the whole cell population, observed in the ion image shown in Figure 3b , indicates that expression of this lipid is spatially heterogeneous. Guided by the bright-field cell image, positions of single cells are identified and the corresponding single pixel spectra are extracted from the ion image as single-cell mass spectra. In this experiment, 60 mass spectra are extracted from individual single cells in the normal data set acquired as part of a 1-h IMS run. The number of mass spectra extracted can easily be increased by acquiring images from a larger area, given the MALDI matrix remains stable. Representative spectra extracted from two individual single cells sampled in this analysis are also shown in 
Comparison of Normal and LPS-Stimulated Cells
In order to investigate if this analytical approach can detect changes in the molecular heterogeneity of lipid and metabolite expression induced by chemical stimulation of cells, we performed parallel experiments on LPS-stimulated RAW 264.7 cells. To minimize any differences in detection or expression of lipids and metabolites caused by sample preparation and instrument performance, the LPS-stimulated RAW 264.7 cell slides were prepared in parallel with the normal cell slide on the same day using the same reagent. Both slides were analyzed sequentially on the same day using same instrument method. The MALDI-IMS data obtained from the LPS-stimulated cells are processed using same procedures described previously to extract single-cell spectra. We performed principle component analysis (PCA) on the single-cell data to identify latent molecular signatures in the data. The PCA analysis of the single-cell groups revealed multivariate differences between the two cell conditions in the third principal component (Figure 4a) which described~7% of the dataset's variance. Examining this principal component's loadings, many features were found to be differential between the two groups (Figure 4b ). Lipid species with high loading scores are putatively identified using accurate mass and listed in Table 1 . Even though the exact structures of these lipids has not been determined, it is still worth noting that the levels of phospholipids with a low degree of unsaturation (e.g., PI(36:1), PI(36:2), PE(36:1), PE(36:2), and PA(36:2)) are significantly increased upon LPS stimulation, whereas the levels of lipids with a high degree of unsaturation (e.g., PI(40:5), PI(38:4), PE(38:4), and PE(36:4)) are significantly decreased upon LPS stimulation. Similar trends were observed by Guo et al. in the cancer microenvironment compared with the adjacent normal tissue for six different types of cancer (e.g., breast, lung, colorectal, esophageal, gastric, and thyroid cancer) [32] . Sphingolipids such as SM(d18:0/15:0) is more prevalent in normal compared to LPS-treated RAW 264.7 cells. This trend has also been observed between normal and glaucomatous aqueous humor [33] . However, the specific role of these lipids in cellular or biological function is largely unclear. To understand how LPS stimulation influences the heterogeneities of lipid and metabolite expressions from single cells, histograms of ion abundances corresponding to m/z = 885.55 (PI(36:4)), 861.55 (PI(36:2)), and 777.56 (PG(36:0)) were plotted for normal and LPS-stimulated RAW 264.7 cells ( Figure 5 ). These histograms illustrate the intensity distributions of each ion across the cell population investigated. As can be seen from Figure 5a , the signal of ion at m/z = 885.55 (PI(36:4)) is downregulated and the distribution became narrower, indicating that expression of this species is less heterogeneous upon LPS stimulation. In contrast, the signal of ion corresponding to m/z = 861.55 (PI(36:2)) is upregulated and the distribution became broader upon LPS stimulation (Figure 5b ), whereas the signal and intensity distribution of ion corresponding to m/z = 777.56 (PG(36:0)) is largely unchanged (Figure 5c ). The up-or downregulation of specific lipids or metabolites can, in most cases, be easily measured from population-level cell analysis experiments. However, the changes in overall distribution of this signal across the whole cell population will be missed. This result points to the power of the technique to distinguish cell populations, determine their differences at the molecular level, and further, if desired, be used in multivariate classification.
To increase the sensitivity of the analysis, we utilized the solariX instrument's CASI capabilities, allowing for the accumulation of ion signal to increase sensitivity and dynamic range. Using the CASI technique, the number of ions measured and matched with LMSD and METLIN database increase to 771 and 400, respectively, leading to~20 and 15% increase as compared to the results without using the CASI technique, suggesting that MALDI-CASI-FTICR-IMS provides a potential means to increase the sensitivity and thus the number of putative IDs from database searching in future studies. Details of the CASI experiment can be found in Supplementary Material.
Conclusion
The advanced mass spectrometry instrumentation and data processing tools described in this study provide a powerful opportunity to probe single cells and to characterize their complex role in the context of living systems. By applying this technology to normal and LPSstimulated RAW 264.7 macrophage cells, we have observed up-or downregulation of lipids with a low or high degree of unsaturation, consistent with the trend observed in normal and diseased state tissues of breast, lung, colorectal, esophageal, gastric, and thyroid cancer as well as in glaucomatous aqueous humor [32, 33] . More importantly, we have measured variations (narrowed or Species with positive loading scores are shown in standard font, whereas those with negative loading scores are shown in italics widened) in the heterogeneity of these lipid expressions upon chemical stimulation of the cells, which will be missed using a population-level technique. In conclusion, the MALDI-FTICR-MS methodology described herein was demonstrated to advance sensitivity, specificity, spatial resolution, and throughput of single-cell lipidomics. 
